Rehydration of powdered tissues of Podophy!Ium peltotum L. prior to extraction with an organic solvent allows endogenous 0-glucosidases to hydrolyze lignan 4-0-13-D-glucosides in situ and increase the yield of podophyllotoxin. Aqueous extraction of rhizomes and leaves of P. peltatum yielded 4-to 10-fold greater quantities of podophyilotoxin than the traditional ethanolic extraction. Most significantly, leaves were shown to contain over 52 mg of podophyllotoxin per g of dry weight (5.2%), exceeding levels previously reported from any source. These results point to the use of leaves harvested from cultivated P. peltatum as an attractive alternative to the destructive collection of natural populations.
The natural lignan podophyllotoxin is used for the semi-synthesis of antineoplastic drugs. The main commercial source of podophyllotoxin is Podophyllum emodi Wall. (syn. P. hexandrum, Berberidaceae), found in alpine and sub-alpine areas of the Himalayas; P. emodi has become an endangered species as a result of over-collection (1). Efforts to develop alternative sources of podophyllotoxin have included the domestication and in vitro culture of P. emodi (2), (3) , and the evaluation of wildcrafted and in vitro propagated Podophyllum peltatum L. (4),(5), (6) , a species native to North America, and of other aryltetralin-lignans producing species (7), (8) . Extraction of rhizomes of P. emodi with ethanol has yielded 4.3% podophyllotoxin, based on dry weight (4), while similar extraction of rhizomes and leaves of P.peltatum has produced up to 0.5% (5).
The presence of [3-glucosidases in rhizomes of P. emodi and of podophyllotoxin glucoside in leaves of P. peltatum has been recognized (9), (10), but the possibility to utilize endogenous hydrolytic activities to increase yield has been ignored. The finding of glucoside-rich chemotypes of P. peltatum (5) prompted us to evaluate the potential for their in situ conversion.
We prepared protein extracts of leaves of P. peltatum (dialyzed against 25 mM potassium phosphate. pH 7.0, 10% glycerol, at 4 C for 20 h, 10 kDa molecular weight cutoff) to check for the presence of active lignan glucosidases. protein extract to solutions of purified glucosides of a-peltatin and podophyllotoxin (10 mg/mI in 10mM potassium phosphate, pH 7), the glucosides were readily converted to the corresponding aglycones. Podophyllotoxin was not significantly affected by exposure to the protein extract. Boiling the protein extract for 5 min eliminated its J3-glucosidase activity. Subcellular and tissue compartmentation make it possible for /3-glucosidases and their substrates to coexist in intact and healthy plant tissues. Compartmentation is lost when the physical integrity of the tissues is destroyed, which typically occurs during herbivory, exposing the glucosides to the enzymes. Because cell membranes and walls are disrupted during the drying and grinding processes, we reasoned that rehydration of powdered tissues of P. peltatum would lead to the production of lignan aglycones. Indeed, mixing powdered rhizomes and leaves with dilute phosphate buffer (aqueous extraction) increased the yield of podophyllotoxin by over 400%, relative to extraction with ethanol (Table 1) . Ethanolic extraction of leaves collected and processed in 1998 (Ppe198-1 and Ppel98-2) yielded about 3% of podophyllotoxin glucoside and 1 % of podophyllotoxin, based on dry weight. Aqueous extraction of these glucoside-rich leaves yielded more than 5% of podophyllotoxin, while the glucoside content was reduced to under I %. The increase in podophyllotoxin yield was disproportionately large relative to the amount of glucoside found by extraction with ethanol, especially considering the higher molecular weight of the latter. Partitioning between the water and ethyl acetate phases after ethanolic extraction results in the loss of approximately 25% of the glucoside, as determined by re-extraction of the water phase. However, the water solubility of podophyllotoxin glucoside can only partly account for the discrepancy in the case of the older tissues (Ppel94), where long-term storage may have caused complexation with cell-wall material. 
Letters
Ethanolic extraction of P. emodi yielded amounts of podophyllotoxin consistent with previous reports (Table 1 ). In addition. smaller amounts of podophyllotoxin glucoside were found, the quantity of which was greatly reduced upon rehydration of the powdered rhizomes, along with a-peltatin and its glucoside. Aqueous extraction of Pemo98-1 increased podophyllotoxin yield by 13%, but did not significantly change the yield from Pemo98-2 material. The fate of podophyllotoxin glucoside in the latter could not be determined, since no new compounds appeared on the chart. The pathways leading to the production of podophyllotoxin in P. ernodi and P. peltatum appear to diverge with regard to the form of storage of this compound: unlike its Indian counterpart. P.peltatum stores podophyllotoxin mostly as the glucoside.
In addition to the remarkable stability characteristic of plant 0-glucosidases (11), the dry Podophyflum tissues appear to offer significant protection from denaturing conditions. For instance, incubating the protein extract in boiling water for 5min inactivated the glucosidases, whereas similar treatment of the powdered tissue only marginally affected in situ activity. The lignan glucosidases performed well in the presence of 0.1 % SDS, but raising the concentration of the detergent in the extraction buffer to 5% more than halved the yield of lignan aglycones, confirming the enzymatic nature of the conversion. In situ hydrolysis of lignan glucosides occurred very rapidly: incubation for lOsec yielded 95% of the amounts of a-peltatin and podophyllotoxin obtained after 30 mm. Incubation for 18 h reduced podophyllotoxin yield by 20, suggesting that degradative processes take place during extended exposure to the aqueous environment. The reactions proceeded equally well at temperatures ranging from 22 to SOC, pH from 5.0 to 8.5, and when distilled water was used instead of buffer.
We have shown that leaves of glucoside-rich chemotypes of P.peltatum can yield more podophyllotoxin than previously reported from any source. These results are highly significant in several practical ways. Commercial production of podophyllotoxin relies on the collection of the underground parts of wild plants, which contributes to the depletion of a natural resource and limits the ability to obtain raw material of consistently high quality. The leaves of P. peltatum constitute an entirely renewable resource that may be used instead of the rhizomes, making the destruction of the plant unnecessary. Extraction of Podophyllum with warm ethanol is an energy consuming process that takes hours to complete, whereas the aqueous extraction method is fast, makes use of inexpensive buffering agents, and can be carried out at ambient temperature. Foremost among the developme pts that adoption of the extraction method described here may bring about is the use of cultivated P. peltatum as the source of raw material.
Materials and Methods
Specimens of P. peltatum were collected from localities in the state of Indiana in April of 1994 (Ppel94), and in North Carolina and Missouri, in April of 1998 (Ppel98-1 and Ppe198-2) . Shortly after harvest, leaves and rhizomes were separated, dried at 40°C, ground to a fine powder, and stored at room temperature protected from light and moisture in tightly closed glass or plastic bottles. Dried rhizomes of P. emodi, originating from two localities in Himachal Pradesh, India (Pemo98-1 and -2), were obtained from the American Mercantile Corporation (Memphis, TN).
Ethanolic extraction of Iignans: 40 mg of powdered tissue were mixed with 0.8 ml of absolute ethanol and incubated at 22°C with rocking for 30 mm. The mixture was clarified by centrifugation at 12,000g for Smm the supernatant was collected and the solvent evaporated. The residue was dissolved and partitioned into 0.6 ml each of water and ethyl acetate.
Aqueous extraction: 40 mg of powdered tissue were mixed with 0.6 ml of 25 mM potassium phosphate, pH 7.0, and incubated at 22°C with rocking for 30 mm. Incubation continued for another 5 min after addition of 0.6 ml of ethyl acetate. After separating the aqueous and organic phases by centrifugation, the latter was collected, the solvent evaporated, and the residue dissolved in 0.8 ml of methanol.
Extracts (10iI) were analyzed by isocratic HPLC for 20 min at 1 ml/min, followed by a 5-min methanol wash and re-equilibration for 15 mm. Column: 4.6 x 150 mm Hypersil C-18, 5pm particle size (Phenomenex, Torrance, CA): mobile phase: 28 parts acetonitrile and 72 parts 0.025% trifluoroacetic acid. Absorbance was measured at 220 rim. The identity of podophyllotoxin and its glucoside was confirmed by 1 H-, 13 C-, and 2-dimensional-NMR using a Bruker Avarice DPX 300 spectrometer.
